Previously, we reported the physical and chemical characterization of Momordica charantia peroxidase (MCP), a novel plant peroxidase with high acidic amino acid purified from the fruits of Momordica charantia and applied the purified MCP to transform ferulic acid (FA) into FA-2, a FA dehydrodimer, which had more powerful anti-inflammation than FA. 1) We found that although MCP shared spectral and kinetic features with other peroxidases, the enzyme had several unique characteristics, including enzyme pH stability (pH 3.8-8.0) and thermostability (20-45°C) wider than those of other peroxidases such as horseradish peroxidase.
Previously, we reported the physical and chemical characterization of Momordica charantia peroxidase (MCP), a novel plant peroxidase with high acidic amino acid purified from the fruits of Momordica charantia and applied the purified MCP to transform ferulic acid (FA) into FA-2, a FA dehydrodimer, which had more powerful anti-inflammation than FA. 1) We found that although MCP shared spectral and kinetic features with other peroxidases, the enzyme had several unique characteristics, including enzyme pH stability (pH 3.8-8.0) and thermostability (20-45°C) wider than those of other peroxidases such as horseradish peroxidase. 2) So MCP can be expected to oxidize a wider range of substrates, especially cinnamic acid derivatives, when considering the potential applications of MCP for useful biotransformation.
FA, which is an extremely abundant and widespread cinnamic acid derivative, was a good substrate for most plant peroxidases such as lignin peroxidase, wheat germ peroxidase and horseradish peroxidase. 3, 4) FA dehydrodimers produced both in vitro and in vivo by plant peroxidases have been extensively characterizied. [5] [6] [7] [8] [9] [10] [11] They result from oxidative coupling of ferulate esters and represent mainly products of 8-5, 8-O-4, 4-O-5 and 5-5 radical couplings. Recently, it was reported that in incubation with lignin peroxidase and ectomycorrhizal fungi, dihydrotrimers of FA were formed. 12, 13) However, only two structures of FA dehydrotrimers were elucidated by NMR spectrum, although higher oligomers of FA on a template of a tyrosine-containing tripeptide have recently been yielded enzymically in vitro. 14) In order to further study the biotransformation of FA by purified MCP and analyze FA dehydrotrimers, we have investigated the oxidative coupling of FA with H 2 O 2 /MCP at pH 5.0 in the presence of acetone. Two new FA dehydrotrimers, triFA1 (1) and triFA2 (2), have been identified. TriFA1 (1) is a unique FA dehydrotrimer possessing a 3a,9b-dihydro-1H-furo [3,4-c] [1]benzopyran-3(4H)-one ring system.
In the present paper, we report on the biotransformation of FA by MCP and the isolation and the structural characterization of the two new FA dehydrotrimers, as well as the possible formation mechanism for triFA1 (1).
Results and Discussion
TriFA1 (1) Key heteronuclear multiple-bond connectivity (HMBC) ( Fig. 1 ) led us to further conclude that: The methoxy group with d H 3.83, 3.90 (ϫ2) were ascribed to aromatic fragments B, A and C, respectively, because the correlations of d H 3.83 to C-3b, d H 3.90 to C-3a and d H 3.90 to C-3c were shown. The di-substituted double bond with the chemical shift of the vinylic protons d H 7.45 (7c) and d H 6.29 (8c) was connected to aromatic fragment C, because the correlations of H-7c to C-2c (6c), H-8c to C-1c and H-2c (6c) to C-7c were observed. To one set of CH groups (7a, 8a) of the saturated part: The correlations of H-7a to C-2a (6a), H-2a (6a) to C7a and H-8a to C-1a exhibited that the aromatic fragment A was connected to the CH group with d 5.54 (7a) through 1a atom. The correlations of H-7a (8a) to C-9b and the chemical shift of the 7a carbon atom (d C 87.2) indicated that the oxygen atom of the lactone group was also connected to the CH group (7a); The correlations of H-8a to C-4c (6c), H-6c to C8a and H-7a to C-5c clarified that CH group with d 3.98 (8a) was connected to the position 5c of the tetra-substituted aromatic fragment C. To the other set of CH groups (7b, 8b) of the saturated part: The correlations of H-7b to C-2b (6b), H2b (6b) to C-7b and H-8b to C-1b supported that the aromatic fragment B was connected to the CH group with d 5.41 (7b) through 1b atom. The correlation of H-7b to C-4c and the chemical shift of the corresponding carbon atom (d C 75.1) indicated that the aromatic fragment C was also connected to the CH group (7b) through the phenolic oxygen atom; The correlations of H-8b (7b) to C-9b revealed that CH group with d 3.61 (8b) was connected to the lactone carbonyl group. The two sets of CH groups of the saturated part were connected each other though CH group (8a) and CH group (8b), because the correlations of H-8b to C-7a, H-8a to (1) C-7b, H-7b to C-8a, H-7a to C-8b, H-8a to C-9b and H-8b to C-5c were detected. According to above analysis, the planar structure of triFA1 with a 3a,9b-dihydro-1H-furo [3,4-c] [1] benzopyran-3(4H)-one ring system was concluded.
To confirm the relative stereo-structure of triFA1, nuclear Overhauser and exchange spectroscopy (NOESY) experiment was performed shown in Fig. 2 . The NOESY correlations of H-8a to H-8b (6c) and H-7a to H-6c (7b) as well as the absence of the correlations of H-8a to H-7b and H-8b to H-7a suggested that the configurations of H-8a and H-8b should be a while the configurations of H-7a and H-7b should be b. From above results, the structure of triFA1 was assigned to be 1. This is the first time that triFA1 possessing a 3a,9b-dihydro-1H-furo [3,4-c] [1]benzopyran-3(4H)-one ring system has been identified from peroxidase-catalyzed oxidation of FA.
The proposed reaction mechanism for the formation of the dihydrotrimer with triFA1 (1) is shown in Fig. 3 . It would appear to result from the combination of monomeric FA radicals (b) and (c) to decarboxylated dehydrodimer radical couplings, and attack of monomeric FA radical (b) on the vinylic bond of the decaboxylated dehydrodimer leading to two free and TriFA2 (2) (Table 1) at d 169.9 and 21.0 confirmed the presence of one acetoxy group. Signals at d 167.9 (9a), 145.1 (7a) and 118.2 (8a) for one group, and those at d 167.9 (9b), 145.1 (7b) and 118.1 (8b) for the other group identified the presence of two anacrylic acid side chains. Among 18 aromatic carbons, six were oxygen-substituted, three were carbon-substituted, and the remaining aromatic carbons were methines. Two saturated carbons at d 103.3 (8c) and 75.9 (7c) and three methoxy carbons at d 56.4 (ϫ3) were also detected.
Key HMBC data (Fig. 4) provided further evidence: The methoxy groups with d H 3.79, 3.84 and 3.87 were ascribed to aromatic fragments A, B and C, respectively, because the correlations of d H 3.79 to C-3a, d H 3.84 to C-3b and d H 3.87 to C-3c were detected. The two di-substituted double bonds Vol. 53, No. 7 (2) were connected to aromatic fragment A and B, respectively, because the correlations of H-7a to C-2a (6a), H-8a to C-1a, H-2a (6a) to C-7a, H-7b to C-2b (6b), H-8b to C-1b and H2b (6b) to C-7b were observed. Aromatic fragment A and B were connected to the CH group with d 6.29 (8c) through the O-4 oxygen atom, because the chemical shift of the corresponding carbon atom d C 103.3 was characteristic of the acetal carbon and the correlations of H-8c to C-4a (4b) also supported the conclusion. The CH group with d 6.15 (7c) was connected to aromatic fragment C through 1c atom, because the correlations of H-7c to C-2c (6c), H-2c (6c) to C7c and H-8c to C-1c were shown. The CH group with d 6.15 (7c) was also connected to the acetoxy group, because the correlation of H-7c to d C 169.9 (-OCOCH 3 ) was exhibited and the chemical shift of the corresponding carbon atom (d C 75.9) also supported the conclusion. According to above analysis, the planar structure of triFA2 was assigned to be 2.
In this compound, there was one chiral carbon (7c), which was located in side chain. The specific optical rotation of 0°i ndicated that triFA2 was a racemate of R/S (7c) stereo-isomers.
Experimental
General Methods Optical rotations were measured with a JASCO P-1020 digital polarimeter (cell length: 1.0 dm). Positive-ion HR-FAB-MS was recorded with a JEOL HX-110 spectrometer using m-nitrobenzyl alcohol as a matrix. Positive-ion HR-ESI-MS was recorded with Bruker APEXáV 7.0 TESLA spectrometer. UV and IR spectra were recorded with Shimadzu UV-2501PC and Nicolet Impact 410 spectrometers, respectively.
1 H-and 13 C-NMR, HSQC, HMBC and NOESY spectra were taken with a Bruker ACF-500 MHz spectrometer with tetramethylsilane as an internal standard, and chemical shifts were recorded in d values. Column chromatography was carried out with Sephadex LH-20 (20-100 m, Pharmacia) and ODS-C 18 (100-200 m, Waters).
Plant Material Fruits of M. charantia were collected at a suburb of Nanjing, China, and identified by Dr. Mingjian Qin, China Pharmaceutical University. A voucher (No. 000804) was deposited in the Department of Nature Medicinal Chemistry, China Pharmaceutical University.
Purification of MCP MCP from fruits of Momordica charantia was purified to electrophoretic homogeneity by combing consecutive treatment of ammonium sulfate fractionation, ion exchange chromatography on DEAE-Sepharose FF, affinity chromatography on Con A sepharose and gel filtration on sephadex G-150. The detailed method of the purification of MCP has been reported previously.
1) The purified MCP exhibited a specific activity of 7757 E.U. of peroxidase per mg of protein, which was 46 fold higher than that of the crude extract.
Biotransformation of FA in Aqueous Acetones A solution of FA (4 g) in acetone (200 ml) and a solution of MCP (3.2ϫ10 4 U) in buffer (100 mM NaAC-HAC, pH 5.0, 800 ml) were mixed and treated with hydrogen peroxidase (3%, 20 ml) at room temperature and stirred for 8 h, during which the mixture was gradually turned reddish brown. The acetone was removed and the aqueous reaction mixture extracted with ethyl acetate. The extract was washed with water, dried with anhydrous Na 2 SO 4 and evaporated to dryness at 40°C under reduced pressure. The combined EtOAc layer was concentrated to afford a strong brown powder (3.5 g), which was subjected to column chromatography on ODS-C 18 using an increasing of MeOH in H 2 O (3 : 7-6 : 4) as an eluent to yield four fractions (frs. I-IV 
